Introduction
From the original hypothesis by Stout [1] that hyperinsulinemia increases the risk of heart disease, to the unifying proposal of Reaven [2] linking insulin resistance to the pathogenesis of coronary heart disease (CHD), epidemiological and clinical investigations have identi®ed many common risk factors for both type 2 diabetes mellitus and CHD [3] (Table 1) . Insulin resistance and compensatory hyperinsulinemia have been implicated not only in the etiology of type 2 diabetes mellitus [4] , but also in the development of dyslipidemia (high VLDL cholesterol, triglycerides, and low HDL), hypertension, impaired ®brinolysis, and other perturbations that contribute to the risk of CHD [2] (Fig. 1) . Although dietary factors undoubtedly modify this metabolic syndrome, and thus coronary risk, uncertainties remain regarding their precise contributions.
Until recently, nutrition research has focused primarily on the roles of dietary fats, cholesterol, and individual nutrients in the development of CHD [5] . One inescapable conclusion arising from this research, that reducing the intake of saturated fat reduces plasma cholesterol levels, has prompted the development of dietary guidelines recommending the restriction of dietary fat [6,7
. . ], and subsequent population-wide decreases in the consumption of fats and concurrent increases in the consumption of carbohydrates [8] . Carbohydrates, like fats, are highly heterogeneous in both chemical structure and biological function. Although the possibility exists that there are both`good' and`bad' carbohydrates, the impact of different types of carbohydrates on the risk of CHD remains unsettled [9 . . ]. In this review, we summarize recent data regarding the quality and quantity of carbohydrate intake in relation to CHD risk, and focus on the concepts of glycemic index (GI) and glycemic load (GL). In that context, we also discuss the potential effects of plantbased foods such as whole grains and fruits and vegetables on the risk of CHD, and review data linking physical inactivity and obesity to CHD risk to illustrate the interrelationships between diet, insulin resistance, and the development of CHD.
Dietary carbohydrates, glycemic index, and glycemic load
Carbohydrates are traditionally classi®ed as simple (sugars, i.e. mono-and disaccharides) or complex (starches, i.e. polysaccharides) on the basis of the number of sugar molecules in their chemical structures.
For years it has been assumed that complex carbohydrates cause smaller increases in blood glucose than simple carbohydrates. A growing body of data, however, contradicts this notion. Various starchy foods differ in their ability to induce plasma glucose and insulin responses [10±13] , and accumulating data suggest that the digestion of carbohydrates, particularly starch, is not a rate-limiting event and is often quite rapid because of the presence of suf®cient amylolytic capacity in the gut [14] . In metabolic studies, postprandial glycemic responses to potato and white bread have been shown to be similar to the response to pure glucose [15, 16] .
A measure of the relative impact of carbohydratecontaining foods on blood glucose is the GI, developed by Jenkins and colleagues in 1981 [17] . A particular food's GI is determined by evaluating the extent to which blood glucose increases after the ingestion of a 50 g carbohydrate sample of the food compared with the same amount of carbohydrate from a reference source, usually white bread or glucose. The GI of a food depends largely on the rapidity of digestion and absorption of its dietary carbohydrates [18±21]. Typically, foods with a low degree of starch gelatinization, such as pasta, and those containing a high level of viscous soluble ®ber, such as whole-grain barley, oats, and rye, have slower rates of digestion and lower GI values. Another important in¯uence on GI values is the ratio of amylose (a linear chain molecule of 300±600 glucose residues linked by a-1,4-glucosidic bonds) to amylopectin (a larger, highly branched polymer of 6000 glucose residues linked by both a-1,4-and a-1,6-glucosidic bonds). Foods with a higher amylose : amylopectin ratio, such as legumes and parboiled rice, tend to have lower GI values, probably because of the compact structure of amylose, which physically slows enzymatic reactions. In contrast, the branched structure of amylopectin is open to enzymatic attack and is thus easily digested.
The use of the GI has shown that many complex carbohydrates induce glycemic and insulinemic responses nearly as high as those induced by pure glucose. In a review of 11 long-term metabolic studies [22] , all but one reported that the GI effectively predicts metabolic endpoints such as the levels of plasma glucose, glycosylated hemoglobin A1c, and triglycerides. Recent independent national surveys conducted in the United Kingdom and the United States [23, 24 . ] reported inverse associations between GI and plasma HDL concentrations in adults, indicating the usefulness of the GI of mixed meals in predicting important metabolic intermediates.
The GI alone cannot capture the entire glucose-raising potential of dietary carbohydrates. Our research group has thus developed the concept of GL, de®ned as the product of the GI value of a food and its carbohydrate content, to assess simultaneously both the quality and quantity of carbohydrate consumed [3,9
. . ]. Each unit of dietary GL represents the equivalent glycemic effect of 1 g of carbohydrate from white bread. Table 2 lists the GI for the major carbohydrate-contributing foods consumed by participants in the ongoing Nurses' Health Study in 1984, the GL values per serving, and their percentage contribution to overall dietary GL. Carbohydrate-dense foods with high GI values, including potatoes, re®ned cereal products, and many sugarsweetened beverages have very high GL, whereas whole grains, fruits, and vegetables have low to very low GL.
Recent studies indicated that dietary GL is associated with risk factors for CHD and the risk of CHD itself. In a cross-sectional study of 280 postmenopausal women [25 . ], dietary GL was inversely related to concentrations of HDL and directly related to fasting triglyceride levels. For the lowest and highest quintiles of dietary GL, the mean HDL concentrations were 1.50 and 1.34 mmol/l, respectively (for trend P = 0.03), and the mean triglyceride concentrations were 0.98 and 1.75 mmol/l, respectively (for trend P = 0.03) [25 . ]. In the Nurses' Health Study of 75 521 apparently healthy middle-aged women, a high dietary GL was prospectively associated with an increased risk of CHD, independent of conventional CHD risk factors. Relative risks from the lowest to the highest quintiles of dietary GL were 1.00, 0.98, 1.21, 1.49, and 1.97 [95% con®dence interval (CI) 1.36±2.64 for the highest versus the lowest quintile; for trend In general, ageing, cigarette smoking, physical inactivity and obesity are clearly confirmed risk factors for these diseases. Dietary factors such as high intake of saturated fat and low intake of fiber, whole grains, fruits, and vegetables have also been associated with these major diseases of Western civilization. This remarkable similarity in the profile of risk factors suggests that these diseases share some underlying pathways by which these factors exert their effect on risk.
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.0001] over 10 years of follow-up [9 . . ]. In both of those studies, diets with a high GL had relatively small effects among lean women and much larger effects among average weight or overweight women.
These data suggest that insulin resistance plays an important role in modifying the effect of dietary GL on the risk of CHD. They are also consistent with results from recent metabolic studies [26] showing that highcarbohydrate diets are associated with heightened degrees of dyslipidemia, especially among individuals prone to insulin resistance. In those studies [26, 27 . . ], high-carbohydrate diets have been shown to increase levels of postprandial fasting triglyceride levels, and to cause persistent increases in plasma triglyceride, remnant lipoprotein cholesterol, and remnant lipoprotein triglyceride levels [28 . ]. High-carbohydrate diets also appear to increase fat accretion by the conversion of excess carbohydrate to triglycerides and by reducing the need for the oxidation of fat stores [29, 30] . In addition, hyperglycemia and hyperinsulinemia associated with a high-GL diet may lead to hypertension, and other hemodynamic changes that are strongly associated with an increased risk of CHD (Fig. 1) Recurrent postprandial hyperglycemia or high insulin demand, stemming from a high dietary glycemic load, may contribute to both obesity and insulin resistance. Defects in insulin action lead to compensatory hyperinsulinemia. High insulin levels increase fatty acid synthesis and VLDL production, further exacerbating insulin resistance and driving insulin levels higher. This self-perpetuating cycle may eventually cause pancreatic beta-cells to lose their responsiveness to glucose, leading to overt diabetes. Hyperglycemia may also aggravate insulin resistance or may lead to tissue damage either directly through glycosylation or indirectly through the increased production of sorbitol or free radicals. Insulin resistance may also lead to hypertension through stimulation of the sympathetic nervous system and increased sodium retention, impaired fibrinolysis, and other hemodynamic perturbations, all of which increase the risk of coronary heart disease. Na, sodium; NO, nitric oxide; PAI-1, plasminogen activator inhibitor-1; SNS, sympathetic nervous system; TG, triglyceride; +, increases; 7, decreases. hyperinsulinemic clamp, improved after 6 weeks on a whole-grain diet compared with a re®ned grain diet, independent of body weight.
Components of plant-based foods such as ®ber, magnesium, and antioxidants such as vitamin E have been associated with improved insulin sensitivity in metabolic studies [38, 39, 40 .
,41±44]. Dietary ®ber, particularly soluble ®ber, has been shown to decrease postprandial glucose levels and concentrations of insulin and serum lipids [45±47,48
. ]. In a recent randomized trial of 13 patients with type 2 diabetes mellitus, Chandalia and colleagues [48 . ] showed that changing from a low-®ber diet (8 g of soluble ®ber and 16 g of insoluble ®ber) to a high-®ber diet (25 g of soluble and 25 g of insoluble ®ber) daily reduced 24 h plasma glucose by 10%, insulin concentrations by 12%, and lowered the concentrations of total cholesterol and fasting triglyceride levels by 7 and 10%, respectively. In the Coronary Artery Risk Development in Young Adults (CARDIA) Study of more than 3500 young men and women, a low-®ber diet was associated with higher fasting insulin levels and greater weight gain over 10 years of follow-up than a high-®ber diet, and a signi®cant inverse relationship between whole-grain foods and fasting insulin levels was also observed [47] . In the Framingham Offspring Study of 2943 men and women, fasting insulin concentrations were lower in those with a higher intake of whole-grain foods (207.2 and 198 pmol/l, comparing the lowest with the highest quintile of intake, P = 0.002) after controlling for body mass index (BMI) and other confounding factors. The inverse association between whole-grain intake and the levels of fasting insulin was especially evident among overweight participants, a ®nding that has been observed consistently in several epidemiological studies, and is consistent with the well-documented association between overweight and insulin resistance in metabolic studies. In a subsample of 466 adult men participating in the Health Professionals Follow-up Study [49 . ], a dietary pattern that included a high intake of whole grains, fruits, and vegetables was inversely associated with plasma insulin concentrations.
Indirect evidence from epidemiological and short-term experimental studies [36, 50 . ] also suggested a potential role for diets with a high GI in the development of obesity. In animal feeding trials, high-GI diets induced an increase in fat synthesis even when total energy intake was unchanged [51] . In a prospective study of 548 schoolchildren, Ludwig and colleagues [52
. . ] reported that the consumption of high-GL beverages predicts change in BMI independent of total energy intake, with BMI increasing by 0.18 kg/m 2 for each additional serving of sugar-sweetened soda consumed over a period of 19 months. A recent review of feeding trials in humans [50 . ] suggested that the consumption of low-GI foods is directly associated with a reduction in subsequent hunger or increased satiety, which leads to lower voluntary energy intake. The inherent high ®ber content of most whole grains, fruits, and vegetables may help prevent weight gain by increasing appetite control through producing a delay in carbohydrate absorption ]. Regarding the effects of whole grains on CHD, the apparent bene®ts of whole grains could not be explained entirely by the ®ber, magnesium, and vitamin E content [59] , suggesting that other antioxidants, nutrients, or phytochemicals in whole grains, or the interactions between them, play important roles in risk reduction. These observational data are broadly consistent with ®ndings from two randomized trials of dietary pattern interventions. In the Dietary Approaches to Stop Hypertension (DASH) trial, 459 adults with systolic blood pressures less than 160 mmHg and diastolic pressures of 80±95 mmHg were randomly assigned to a control diet low in fruits and vegetables and high in meat and dairy products, to a diet rich in fruits and vegetables, or to a combination diet rich in fruits, vegetables, and low-fat dairy products. In comparison with the control diet, both the fruit and vegetable diet and the combination diet substantially reduced systolic and diastolic blood pressures among individuals with and without hypertension [62] . The Lyon Diet Heart Study [63] randomly assigned 605 survivors of a ®rst myocardial infarction to a Mediterranean-type diet that contained more fruits and vegetables than the control`prudent Western-type diet'. After a mean follow-up of 46 months, the risk of cardiac death or acute myocardial infarction was 65% lower for those on the Mediterranean diet.
Physical inactivity, obesity, and the insulin resistance syndrome
Many observational studies have reported a consistent inverse association between physical activity and the risk of CHD among men and women [64±66]. These bene®ts apply to both recreational and non-recreational activities as simple as walking, which has been shown in long-term prospective studies to be associated with a reduced risk of CHD in apparently healthy women [67, 68] and men [69, 70 . ,71 . ], as well as among those with type 2 diabetes mellitus [72 . ]. Even in old age, becoming more active still confers a reduction in CHD mortality [73] . The cardioprotective effect of physical activity may be related to its bene®cial effects on body weight, blood pressure, serum cholesterol, and glucose tolerance [74±76]. However, the ideal intensity, frequency, and duration of physical activity, as well as other effect modi®ers, such as the degree of previous insulin resistance or body composition, have not been clearly determined. Recent reports indicate that even moderateintensity activity (less than six metabolic equivalents) or brisk walking leads to improved insulin sensitivity [75] and reduced risk of type 2 diabetes mellitus [77] .
Obesity is an important and easily assessed marker of CHD risk. A plethora of clinical and epidemiological studies has linked overweight (de®ned as a BMI of 25.0± 29.9 kg/m 2 ) and obesity (de®ned as a BMI 430 kg/m 2 ) with several metabolic abnormalities, including hypertension, dyslipidemia, and glucose intolerance [78, 79, 80 . ]. In a recent large-scale survey of 14 077 apparently healthy women aged 30±64 years in the UK, Ashton et al. [81 . ] found that as BMI increased from less than 20 to over 30 kg/m 2 , blood pressure, total cholesterol, LDL cholesterol, apolipoprotein B, fasting triglyceride levels, and fasting blood glucose increased signi®cantly, whereas HDL cholesterol and apolipoprotein A1 decreased [81 . ]. Several previous studies also reported a similar dose±response relationship between BMI and CHD risk factors, even among relatively lean adults of diverse populations [79, 80 . , 82, 83] . Although the majority of the studies were conducted among overweight individuals in Western populations, recent studies from China [80 . ] suggested that a gradient between BMI and metabolic risk factors may extend even into the`healthy' weight range. Taken together, these data provide mechanistic support for the observed gradient between BMI and coronary morbidity and mortality [78, 84, 85] .
Because obesity, dyslipidemia, hypertension, and glucose intolerance are highly interrelated in the insulin resistance syndrome [86] , the impact of obesity on the risk of CHD is likely to be mediated by these metabolic and hemodynamic risk factors [78, 87] . Several morbiditybased analyses have directly associated BMI and weight gain during adulthood with an increased risk of hypertension [88] , type 2 diabetes mellitus [89, 90] , and myocardial infarction [84] , all in a linear fashion. The distribution of body fat may also play a role in the development of CHD, with abdominal adiposity posing a substantially greater risk in both women [91] and men [92] .
Greatly increased morbidity and mortality from CHD have also been observed among patients with diabetes [93] , especially women [94] . In the Framingham Heart Study [95] , a strong positive association was observed between increased levels of glycosylated hemoglobin and the prevalence of CHD, which suggests an important role of hyperglycemia in the development of CHD [95] . In the Whitehall study [96] , impaired glucose tolerance was associated with an increased risk of myocardial infarction. More recent studies have also suggested that the relationship between the level of glycosylated hemoglobin and the risk of CHD is progressive and continuous both in diabetic [97] and non-diabetic individuals [34 . .
,98].

Inflammation and the insulin resistance syndrome
Recent data suggest that the in¯ammatory process may be closely related to the insulin resistance syndrome. Elevated plasma levels of C-reactive protein (CRP), a marker of in¯ammation that has been associated with obesity, a sedentary lifestyle, insulin resistance, and hyperglycemia [99±102, 103 . ], also prospectively predict the risk of future CHD [104±106,107
. ,108]. Furthermore, the same tissues involved in the development of CHD, the vascular endothelium, especially the vast capillary and arteriolar endothelium, has been hypothesized as a central site of insulin resistance [109] . These observations have led to a unifying theory that insulin resistance, type 2 diabetes mellitus, and CHD are partly consequences of the ongoing acute-phase response to various stimuli, and re¯ect a chronic adaptation of the immune system [110] . More recent studies [111,112 . ] have reported that dietary factors, including a low GL and a moderate intake of alcohol, are associated with lower plasma levels of high-sensitivity CRP, suggesting 
Conclusion
In this review, we have examined hypotheses regarding the relationships between the quality and quantity of carbohydrate intake, physical inactivity, obesity, and the risk of CHD. Ideally, the internal consistency of these data can be demonstrated with all lines of investigation represented by the ®ve tiers in Fig. 2 . In our view, the associations between high GL and an increased risk of type 2 diabetes mellitus and CHD (tier 1) are consistent with the observations that the major food contributors to dietary GL (tier 2), and a lack of dietary ®ber (tier 3) are also associated with an increased risk of type 2 diabetes mellitus and CHD.
The prevailing dietary recommendation for preventing CVD focuses on switching to a low-fat diet, namely one that provides less than 30% of calories from fat. This generally necessitates the adoption of a high-carbohydrate diet. In industrialized nations, following this fatlowering recommendation usually means increasing one's GL through an increased intake of foods such as re®ned cereal products, potatoes, and sugar-sweetened beverages. Yet the long-term effects of high-carbohydrate diets, especially high-carbohydrate diets with a high GI, on the risk of CHD remain unsettled. Whereas the terms high-carbohydrate and simple/complex carbohydrate appear too general for etiological analyses, accumulating data support the clinical utility of the GL as a rating system of carbohydrate quality and quantity. Indeed, if prolonged hyperglycemia and hyperinsulinemia are part of the pathophysiological pathway for the development of both type 2 diabetes mellitus and CHD [86] , as proposed by the prevailing insulin resistance± pancreatic exhaustion hypothesis [113, 114] , then the physiological impact of different foods on plasma glucose and insulin is of importance and needs to be carefully determined and quanti®ed in future metabolic studies. Such information should routinely be incorporated in large-scale and long-term prospective cohort studies, in which the possible interaction between diet and other metabolic determinants such as physical activity and obesity can be examined.
Future studies should also examine whether these observed associations are further mediated by biomarkers of insulin resistance, such as levels of HDL, fasting triglyceride levels, fasting insulin, C-peptide, glycosylated hemoglobin A1c, high-sensitivity CRP, and IL-6 (tier 4). As the ®eld of genetic epidemiology matures, more opportunities will arise to examine how dietary factors interact with genetic variants in determining the risk of disease (tier 5) [115] . Furthermore, because the biological effects of nutrients may well depend on the presence or absence of other components in whole foods, such synergistic (or antagonistic) effects may be better studied through the direct examination of the relationship between speci®c food products and the risks of type 2 diabetes mellitus and CHD. Until more de®nitive data are available, replacing re®ned grain products and potatoes with minimally processed plantbased foods such as whole grains, fruits, and vegetables, and reducing the intake of high GL beverages may offer a simple strategy for reducing the incidence of CHD.
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